indicate that the interstitial tissue is an important source of steroid hormones or their precursors (Brook and Clarke, 1989) . Guraya and Motta (1980) advocated investigation of the interstitial tissue of seasonally breeding mammals to establish whether it shows seasonal changes. These studies could lead to a better understanding of its role in reproduction. In the present study the response of the interstitial cells of wood mice from a laboratory stock (Clarke, 1985) to exogenous gonadotrophins was investigated. The highly controlled nature of these experiments should facilitate judgements on how the tissue might be investigated in wood mice from the field.
Materials and Methods
Animals were obtained from a breeding colony of wood mice established in 1976, maintained originally in the former Department of Agricultural Science, Oxford University, and later transferred to the Department of Zoology, Oxford University. The breeding colony and the experimental animals were housed in plastic cages (42 cm ϫ 26 cm ϫ 11 cm) with sawdust and non-absorbent cotton wool for bedding. The mice were supplied ad libitum with Dixon's diet 41 B (Dixon and Sons, Ware, Hertford) and water. With the exception of the adults used in Expt 3 (see below), all animals were maintained on a 16 h light:8 h dark photoperiod at 19 Ϯ 1ЊC.
The ovarian interstitial tissue of the wood mouse (Apodemus sylvaticus) is extensively developed. The effect of equine chorionic gonadotrophin (eCG) and human chorionic gonadotrophin (hCG) on ovarian interstitial tissue was investigated in wood mice from a laboratory stock. The tissue was assessed by measuring the relative size of the cells, cell nucleus diameter and (in adults) nuclear shape. Hormone-treated wood mice had larger interstitial cells and larger cell nuclei than untreated animals. In addition, the cell nuclei of adult hormonetreated wood mice had a smooth round or oval outline, whereas those of untreated animals had an irregular outline with spiky projections. Electron microscopy showed that the irregular spiky outline of the cell nuclei in untreated wood mice was caused by distortions of the nuclear membrane by a large number of intracellular lipid droplets; the droplets were less abundant in the hormonetreated animals. These experiments indicate that the cells of the interstitial tissue of the wood mouse are under the control of gonadotrophins, and that these cells are likely to be a site of the synthesis and release of steroid hormones. The methods used in this study to assess the state of the cells could be applied to animals from the field to investigate the role of interstitial tissue in the reproductive biology of wood mice.
Experiments
In wood mice from the laboratory stock, the prepurbertal state lasted approximately 2 months. By that stage approximately 90% of the animals had perforate vaginas. However, 10% of virgin adult females from the laboratory stock had non-perforate vaginas for many months, threadlike poorly vascularized uteri and ovaries that lacked corpora lutea (Clarke, 1985) . Preliminary trials using such animals showed that doses of 10-20 iu equine chorionic gonadotrophin (eCG) or human chorionic gonadotrophin (hCG) once a day for 3 days produced a substantial enlargement of the ovaries and uteri, which were of similar mass to those organs of virgin sexually mature animals that had oestrous cycles or permanently cornified vaginal smears, and represented about 45% of the virgin animals in the laboratory stock (Clarke, 1985) .
Females in Expt 1 were prepubertal and had non-perforate vaginas, whereas those in Expt 2 were selected from the virgin adults in which the vagina remains non-perforate for many months (see above). Juveniles and adults that had non-perforate vaginas were used in these two experiments because it was expected that their ovaries would not be fully active. Therefore, treatment with exogenous gonadotrophins might produce a clear cut response in the interstitial cells. Experiment 3 simulated the transition from the winter non-breeding season to the spring and summer breeding season, which occurs under field conditions (Baker, 1930) . Initially, all females used in Expt 3 were sexually mature and had vaginal smears that contained a large number of cornified epithelial cells. These females were transferred for 4 months from the animal house to simulated winter conditions in a cold room at 2ЊC with a photoperiod of 6 h light:18 h dark to reduce the secretory activity of the ovaries. The expectation was that gonadotrophin treatment would induce changes in the ovaries similar to those that occur in the wild as the animals change from the non-breeding to the breeding condition. These may include clear cut changes in the interstitial cells.
Injections of eCG and hCG (Sigma-Aldrich, Poole, Dorset) were administered s.c. in 0.1 ml distilled water. Control animals were given 0.1 ml distilled water.
In Expt 1, 12 wood mice aged 20-22 days and weighing 9.9 Ϯ 0.4 g were arranged into four blocks each of three comparable animals which were allotted randomly to three treatments: 20 iu eCG on day 1 and 20 iu hCG on day 3; 10 iu eCG on day 1 and 10 iu hCG on day 3; and distilled water on the same days. Injections were administered at 12:00 h. In Expt 2, 20 wood mice aged 5-6 months and weighing 15.8 Ϯ 0.4 g were arranged into five blocks, each of four comparable animals which were allotted randomly to the four treatments: 10 iu eCG; 10 iu hCG; 10 iu eCG plus 10 iu hCG; and distilled water. In Expt 3, eight wood mice weighing 17.0 Ϯ 0.5 g and which, from the age of 6-7 months, had been kept in artificial winter conditions for 4 months (see above) were arranged in four blocks, each of two comparable animals which were allotted randomly to the two treatments: 10 iu eCG plus 10 iu hCG; and distilled water. In Expt 2 and 3, injections were administered at 09:00-10:00 h and 21:00-22.00 h for 3 days.
Animals in all three experiments were killed by cervical dislocation on day 4 at 24 h after the last injection. In Expt 1 and 2, one ovary from each animal was fixed immediately for examination by electron microscopy. The other ovary from animals in Expts 1 and 2, both ovaries from animals in Expt 3, and the uterus of all animals were weighed, and the ovaries were fixed in Bouin's fluid.
Processing and microscopic evaluation of ovaries
Ovaries were processed for electron or light microscopy by the methods described by Brook and Clarke (1989) . The characteristics of the interstitial cells that form the medulla of the ovary were measured as opposed to those in the cortex in which most follicles lie. Interstitial cells occur in the medulla in large areas that are free from follicles, allowing more reliable sampling. Light microscopy examination of ovarian sections stained with haematoxylin and eosin indicated that treatment with gonadotrophins altered the size of the interstitial cells, and the size and shape of their nuclei. The relative size of the interstitial cells was assessed at a magnification of ϫ 400 by counting the number of nuclei per square of a gridded eyepiece graticule. Nuclei in ten squares were counted, and the average was regarded as the best estimate for each animal. The reciprocal of this figure was used as the estimate of the relative size of the cells. Nuclear diameter was taken as the average of two diameters measured at right angles at a magnification of ϫ1000 using a linear eyepiece graticule. The average of ten nuclei was taken as the nuclear diameter for each wood mouse. This figure was converted to micrometres by calibration with a stage micrometer. Differences in nuclear shape were assessed at a magnification of ϫ 400 by counting the number of smooth-outlined, round or oval nuclei, and the number of nuclei that had an irregular spiky outline in each of ten squares of a gridded eyepiece graticule. The totals for each animal were used as the estimate for the percentage of smooth-outlined nuclei.
Data from Expt 1 and 2 were analysed by ANOVA. Differences between means were examined by the t test. Data for Expt 3 were analysed by paired comparisons using the t test. In all cases, P < 0.05 was taken to show a statistically significant effect of treatments, or difference between means. Some data had unequal variances, and the statistical analyses in these cases was on measurements transformed to their logarithms.
Results

Overall response to treatment
The final body weights did not differ significantly from the initial body weights for any of the treatments. Mean final body weights were 10.5 Ϯ 0.4 g, 14.9 Ϯ 0.3 g and 16.2 Ϯ 0.4 g for Expts 1, 2 and 3, respectively. In Expts 1 and 2, the vaginas of hormone-treated wood mice became perforate, and the vaginal smears were 'thin' containing a few nucleated or cornified epithelial cells. The vaginas of animals injected with water remained non-perforate. The vaginal smears of all the animals in Expt 3 changed during the 4 months of simulated winter conditions from highly cornified to 'thin' smears. The females that were subsequently treated with eCG and hCG developed smears that contained abundant cornified cells, whereas the smears of animals injected with water remained 'thin'. Treatment of juvenile and adult wood mice with gonadotrophins resulted in a significant increase in ovarian and uterine mass (Tables 1 and 2 ). Differences between treatment means are statistically significant. In Expt 2, eCG and hCG given alone or in combination to adults, had clear cut effects on ovarian and uterine mass, although there was no augmentation of the effect by administering the two hormones together. The ovarian mass for the adult wood mice in Expt 3 (Table 2) is much greater than the other values because it is for two ovaries. In hormone-treated juveniles and adults, each ovary had 17-18 and 5-9 antral follicles, respectively, which ranged from 490 to 550 µm in diameter. In untreated juveniles and adults there were three to four antral follicles per ovary, which had diameters of 300-350 µm. In Expt 1, none of the females had corpora lutea. One animal in Expt 2 treated with eCG had two well developed corpora lutea and one animal in Expt 3 treated with a combination of eCG and hCG had 13 well developed corpora lutea. The corpora lutea in these animals were round in outline and 600-700 µm in diameter. The cells of the corpora lutea were round, strongly eosinophilic, 13-16 µm in diameter with no vacuoles in the cytoplasm. The cell nuclei were round or oval, 6-7 µm in diameter and were not pyknotic. Three water-treated wood mice in Expt 3 had 14, two and one poorly developed corpora lutea. These corpora lutea were irregular in outline and up to 300 µm in diameter. The cells were strongly eosinophilic, up to 9 µm in diameter and occasionally contained vacuoles in the cytoplasm. The cell nuclei were 5-6 µm in diameter, had irregular outlines and were often pyknotic. Corpora lutea were not present in any of the other hormone-treated or water-treated females.
Interstitial cells
Overall, qualitative examination of ovarian sections showed that the interstitial cells of hormone-treated animals had cytoplasm that was more eosinophilic and nuclei that contained less heterochromatin compared with those cells of untreated wood mice. Analysis of variance showed that for the juveniles in Expt 1 there was a significant effect of eCG followed by hCG on the size of the interstitial cells and their nuclei. Mean relative size of the cells and mean nuclear diameter at both hormone doses were significantly greater than in untreated juveniles (Table 1 ; Fig. 1a,b) . In both hormone-treated and untreated animals, nuclei had smooth rather than spiky outlines, although they were more consistently round in the hormone-treated animals (Fig. 1a,b) . Similarly, for Expt 2 analysis of variance showed that in adults that received eCG or hCG alone or in combination there was a significant effect of treatments on the relative size of the cells, nuclear diameter and nuclear shape. Mean relative size of the cells and mean nuclear diameter were significantly greater in wood mice that received eCG or hCG alone or in combination than in untreated animals. The percentage of smooth-outlined, round or oval nuclei was significantly greater in hormone-treated animals (Table 2) . Similarly, for Expt 3 the t test showed that these three parameters of the cells were significantly greater in the hormone-treated regressed females than in untreated animals. (Table 2 ; Fig. 1c,d) .
Electron microscopy showed that in animals that received eCG or hCG alone or in combination, there was a decrease in the number of lipid droplets and an increase in the smooth membrane content of interstitial cells compared with untreated animals. The lipid droplets were so abundant in untreated wood mice that they impinged on the nuclear membrane around its circumference, giving it an irregular shape with protrusions and indentations. This was not observed in the hormone-treated animals.
Discussion
Wood mice treated with distilled water retained either non-perforate vaginas or 'thin' vaginal smears, whereas gonadotrophin-treated animals developed perforate vaginas and had vaginal smears that contained nucleated or cornified epithelial cells. These changes, together with an increase in the mass of ovaries and uteri of hormonetreated wood mice, and the greater size and number of antral follicles indicate that the gonadotrophins administered were active and produced the expected effects on the reproductive system of the wood mouse. The change from initially highly cornified to thin vaginal smears in the animals exposed to simulated winter conditions indicates that before gonadotrophin treatment the ovaries had progressed to a less active state, as occurs under natural conditions in the field in winter (Baker, 1930) .
A small proportion of virgin wood mice from the laboratory stock had a 4-6 day oestrous cycle (Brook, 1984; Clarke, 1985) and corpora lutea were present in at least some virgin females (Brook and Clarke, 1989) . As indicated by vaginal smears, other mice in the colony appeared to be in permanent oestrus or in an anoestrous state, or retained non-perforate vaginas for several months despite the fact they were old enough to be sexually mature (Clarke, 1985) . Despite the efficacy of the hormones in producing gross changes in the ovaries, uterus and vagina, and in promoting follicular development, only two hormone-treated animals had corpora lutea. The size, shape, cellular and nuclear characteristics of the corpora lutea indicated that they were in a more active secretory state than those of the three untreated wood mice. Among the females subjected to simulated winter conditions, 13 corpora lutea were observed in one hormone-treated animal, whereas in three untreated animals one, two and 14 corpora lutea were observed, respectively. All of these females had ovulated at least once, possibly while passing from the initial sexually mature state to a state in which the ovaries (as judged by the 'thin' vaginal smears) were less active. This quiescent endocrine state may have allowed preservation of successive generations of corpora lutea. In one hormone-treated regressed female, the administered hormone appeared to have activated all 13 corpora lutea that had accumulated. In all three experiments, eCG (with or without hCG) caused appreciable ovarian growth, an increase in the number and the size of antral follicles and uterine enlargement; however, it is possible that during the 3 days of treatment the antral follicles in most females did not develop in a manner that made them competent to respond to the ovulatory stimulus provided by the gonadotrophins. The interstitial gland is a complex population of steroid producing cells of dual origin, which proliferates during the growth and differentiation of the ovaries (Deanesley, 1972; Guraya and Motta, 1980; Erickson et al., 1985; Washenick and Dundar, 1988; Brook and Clarke, 1989) . By comparison with the ovaries of untreated animals, eCG and hCG whether administered sequentially, alone or together, induced an increase in the size of interstitial cells and their nuclei in both juveniles and adults. The cell nuclei of juveniles, in both treated and untreated animals, were round or oval in outline, and the nuclear membrane was smooth with no irregularities or spikes. The irregularities and spikes of the nuclear membrane in untreated adult wood mice were not observed in the nuclei of adults given eCG or hCG alone or in combination. This humorally induced change in nuclear shape was particularly apparent in adult wood mice in which the ovaries had progressed to an inactive state as a result of subjecting the animals to simulated winter conditions before treatment with a combination of eCG and hCG. Electron micrographs showed that the lipid droplets were not abundant in the interstitial cells of juveniles (Brook and Clarke, 1989) . Electron micrographs of the tissue from untreated adults showed that the lipid droplets were so abundant in the interstitial cells that they distorted the nuclear membrane, whereas in hormone-treated adults there were fewer lipid droplets, which did not impinge on the membrane. It seems likely that the irregularity and spikiness of nuclei in light microscope preparations of untreated adult wood mice are a consequence of the distortion of the nuclear membrane by the abundant lipid droplets.
The histochemical and ultrastructural characteristics of the interstitial cells of the ovary of the wood mouse, including the presence of 3β-hydroxysteroid dehydrogenase and the occurrence of cholesterol or its esters in the large lipid droplets (Brook and Clarke, 1989) , indicates that this tissue produces steroids, as has long been recognized in laboratory animals (Guraya and Motta, 1980; Taya et al., 1980; Silavin and Greenwald, 1982; Erickson et al., 1985) . The changes in the cells of juvenile and adult wood mice after gonadotrophin treatment indicate that the cells increased their secretory activity (Guraya and Motta, 1980) . Ultrastructural characteristics of interstitial cells are similar qualitatively to those of the luteal cells in the corpora lutea of pregnant wood mice, although the decrease in lipid droplets in interstitial cells after hormone treatment is less marked than that occurring in corpora lutea during pregnancy (Brook, 1984) . A combination of eCG and hCG may have caused only a small increase in the synthesis and release of steroid hormones, but the abundance of interstitial tissue indicates that it could contribute significantly to ovarian function. The decrease in the number of lipid droplets and the increase in the smooth membrane content is the basis of the increased eosinophilia of interstitial cells in hormone-treated animals. The importance of gonadotrophins in the regulation of the activity of interstitial cells is well established, and LH, hCG, eCG and possibly prolactin are reported to have a morphogenetic as well as a trophic role (Davies and Broadus, 1968; Carithers, 1976; Guraya and Motta, 1980) . Both effects of gonadotrophins occurred in the present study. Changes in cell and nuclear morphology, similar to those described in the current study and which are induced by gonadotrophins have been described in rabbits and rats (Carithers, 1976; Guraya and Motta, 1980; Risma et al., 1997) . Erickson et al. (1985) reported that the LH receptor and 3β-hydroxysteroid dehydrogenase are tissue specific markers for, and constitutive molecules in, interstitial cells. Both primary and secondary interstitial tissue has LH receptors (Erikson et al., 1985; Zachow et al., 1993) . Although eCG has some LH activity (Stewart and Allen, 1981; Murphy and Martinuk, 1991) , it is surprising that treatment of wood mice with hCG did not have a greater effect on the characteristics of the interstitial cells than that seen with eCG alone. eCG can effect a considerable depletion of sudanophilic, cholesterol-positive lipid droplets in interstitial tissue of hamsters, and an increase in plasma concentrations of steroid hormones after treatment with gonadotrophins is brought about by de novo synthesis of progestational steroids, perhaps from the interstitial tissue (Guraya, 1978; Guraya and Motta, 1980) . Interstitial cells stimulated by LH are known to be a source of androgen, which is passed on to follicular granulosa cells where it is aromatized to oestrogen (Erickson et al., 1985; Magoffin and Erickson, 1988) . Theca interstitial cells are thus crucial for the development and maintenance of secondary sex characteristics in females, and in other aspects of female reproduction (Guraya and Motta, 1980) . Changes in the activity of interstitial tissue may contribute to ovarian dysfunction involving hyperandrogenism and the development of polycystic ovaries (Cara and Rosenfield, 1988; Risma et al., 1997) . However, the hormonal regulation of interstitial tissue differentiation and activity is poorly understood, partly because the interstitial cells in a number of laboratory or domestic animals are embedded in connective tissue, which makes it difficult to isolate tissues that do not contain other types of cell (Magoffin and Erickson, 1988) . The extensive development of the interstitial tissue in the wood mouse, as also seen in rabbits, provides a model that may allow more precise determination of its control.
